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Restoration of Mountain Big Sagebrush Communities after Controlling
Juniper with Prescribed Burning
Kirk W. Davies, Jon D. Bates, Matt D. Madsen and Aleta M. Nafus

For more information see: Davies, K. W., J. D. Bates, M. D. Madsen, and A. M. Nafus.
Restoration of mountain big sagebrush steppe following prescribed burning to control western
juniper. Environmental Management. 53:1015-1022.

Summary
Western juniper encroachment into mountain big sagebrush steppe has reduced livestock forage
production, increased erosion risk, and degraded sagebrush-associated wildlife habitat. We
evaluated the effectiveness of seeding perennial herbaceous vegetation and sagebrush at five
sites where juniper was controlled by partial cutting followed by prescribed burning. Our results
indicate that aerial seeding perennial herbaceous vegetation can accelerate the recovery of
perennial grasses which likely stabilize the site. Our results also suggest that seeding mountain
big sagebrush after prescribed burning encroaching juniper can rapidly recover sagebrush cover
and density. In areas where sagebrush habitat is limited, seeding sagebrush after juniper control
may increase sagebrush habitat and decrease the risks to sagebrush-associated species.
Introduction
Mountain big sagebrush (Artemisia tridentata spp. vaseyana (Rydb.) Beetle) plant communities,
one of the most productive sagebrush communities, are being encroached by juniper (Juniperus
L.) and/or piñon pine species (Pinus L.). In the northern Great Basin and Columbia Plateau,
western juniper (Juniperus occidentalis ssp. occidentalis Hook) has increased from 0.3 million
ha to 3.5 million ha in since the 1870’s (Miller et al. 2000). As western juniper cover increases,
sagebrush is lost, herbaceous production and diversity decreases, and runoff and erosion
potential increases. Western juniper encroachment is detrimental to sagebrush obligate wildlife
species because of the loss of sagebrush, decreases in herbaceous vegetation, and increased
predation risk.
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The most cost-effective method to control encroaching western juniper is prescribed fire,
but sagebrush and perennial grasses may be slow to recover. The purpose of this research project
was to determine if the recovery of mountain big sagebrush plant communities after juniper
control could be expedited by aerial seeding perennial herbaceous vegetation and mountain big
sagebrush. We speculated that natural recovery of sagebrush in juniper dominated plant
communities is constrained by limited sagebrush seed in the seed bank and thus, seeding
sagebrush would significantly accelerate sagebrush recovery.
Methods
The study was conducted on Steens Mountain in southeastern Oregon approximately 80 km
southeast of Burns, OR (lat 42˚ 33’ 36”N, long 118˚ 19’ 12” W). Prior to prescribed burning, the
plant communities were dominated by western juniper (late Phase II and Phase III) with an
understory of perennial grasses and forbs. Elevation among study sites ranged from 5728 to
5932 ft above sea level.
At five different sites we applied the following treatments: unseeded control
(CONTROL), seeded with perennial herbaceous vegetation (SEED), and seeded with perennial
herbaceous vegetation and mountain big sagebrush (SEED+SAGE). Perennial herbaceous
vegetation was aerially seeded the first week of November 2009 using a fixed wing aircraft.
Mountain big sagebrush was broadcast seeded with a hand-cranked broadcaster to simulate aerial
seeding immediately after herbaceous seeding. The perennial herbaceous seed mix consisted
Idaho fescue, Sherman big bluegrass, Oahe intermediate wheatgrass, Manchar smooth brome,
Paiute orchardgrass, Maple Grove Lewis flax, and Ladak alfalfa. Vegetation cover and density
was measured in July of the first, second, and third years (2010, 2011, and 2012) after seeding.
Results
By the third year post-seeding, large perennial grass cover was 2.0 and 2.5-fold greater in the
SEED+SAGE and SEED treatments compared to the CONTROL treatment, respectively (Fig.
1A; P = 0.03 and < 0.01, respectively). Similarly, perennial grass density was 1.7- and 2.2-fold
greater in the SEED+SAGE and SEED treatments compared to the CONTROL treatment (Fig.
2A; P = 0.02 and < 0.01, respectively). The SEED+SAGE treatment had greater sagebrush cover
than the SEED and CONTROL treatments (P = 0.03 and 0.02, respectively). Sagebrush cover
increased in the SEED+SAGE treatment over time, but remained relatively static in the SEED
and CONTROL treatments (Fig. 1B; P < 0.01). In 2012, sagebrush cover was 74- and 290-fold
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greater in the SEED+SAGE treatment compared to the CONTROL and SEED treatments,
respectively. In 2012, sagebrush density was 62- and 155-fold greater in the SEED+SAGE
treatment compared to the SEED and CONTROL treatments. Sagebrush density increased in the
SEED+SAGE treatment almost 10-fold
between the first and second year after

unchanged in the SEED and CONTROL
treatments.
Discussion
Aerial seeding after juniper control

Large perennial grass cover (%)

seeding, but remained relatively
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accelerated herbaceous vegetation

limit exotic plant invasion and decrease
erosion risk after juniper control. Our
results suggest that natural recovery of
the herbaceous understory will probably
occur, but may be slow.
The lack of a perennial forb
response with seeding was probably the
result of limited establishment of seeded
species. No alfalfa was detected in any of
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Figure 1. Large perennial grass (A) and sagebrush (B)
cover after partial cutting and prescribed burning western
juniper encroached mountain big sagebrush communities
that were not seeded (CONTROL), seeded with a
herbaceous seed mix (SEED), or seeded with a
herbaceous seed mix plus sagebrush (SEED+SAGE).
Different letters indicate a significant difference (P ≤
0.05) between treatments in that year.

the treated plots and only a few Lewis flax
plants were found in each plot. There were some places outside of the sampling plots that were
aerially seeded where alfalfa and Lewis flax established at higher densities.
The lack of a treatment effect on exotic annual grass cover and density was probably due
to most sites not having a significant annual grass presence regardless of treatment. Therefore,
our study was not a robust test for determining the efficacy of aerial seeding for limiting exotic
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annual grasses. When only evaluating the two sites that had a significant annual grass presence
(>0.5% cover), annual grass cover and density averaged 2.7- and 3.8-fold less when aerially

281±63 plants·m-2) areas in the third year
after treatment, respectively. These results
imply that it may be important to seed
after juniper control where exotic annual
grasses are a threat.
Our results suggest that seeding
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Figure 2. Large perennial grass (A) and sagebrush (B)
density after partial cutting and prescribed burning
western juniper encroached mountain big sagebrush
communities that were not seeded (CONTROL), seeded
with a herbaceous seed mix (SEED), or seeded with a
herbaceous seed mix plus sagebrush (SEED+SAGE).
Different letters indicate a significant difference (P ≤
0.05) between treatments in that year.

sagebrush seed limited without seeding.
We observed seeded sagebrush plants producing seed by the second year after seeding.
This suggests that the sagebrush seeded areas could serve as a seed source for unseeded areas as
well as providing additional recruitment potential in seeded areas. We speculate that even lower
sagebrush seeding rates than used in this study may be successful because seeded sagebrush will
start producing seed in a few years. However, lower rates will probably increase the length of
time for sagebrush to recovery. In contrast, herbaceous recovery may be accelerated with lower
sagebrush abundance.
4

Conclusions
Our results suggest that seeding mountain big sagebrush after partial cutting and prescribed
burning western juniper can improve sagebrush-associated wildlife species habitat. Our research
suggests that western juniper encroached sagebrush steppe similar to our study area under similar
climatic conditions may be restored in a relatively short time period with western juniper control
followed by seeding sagebrush. These results suggest that seeding herbaceous species and
sagebrush after prescribed burning can limit opportunities for invasive plants. Seeding
herbaceous vegetation, however, is not always needed. Our results suggest that sagebrush
recovery with seeding may be adequate to provide sage-grouse habitat at some sites in as little as
three years after partial cutting and prescribed burning to control juniper.
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Attempting to Restore Herbaceous Understories in Wyoming Big Sagebrush
Communities with Mowing and Seeding
Kirk W. Davies & Jon D. Bates

For more information see: Davies, K. W., and J. D. Bates. (IN PRESS) Attempting to restore
herbaceous understories in Wyoming big sagebrush communities with mowing and seeding.
Restoration Ecology.

Summary
Wyoming big sagebrush communities with depleted perennial herbaceous understories often
need to be restored to increase resilience to fire and resistance to annual grass invasion. We
compared mowing followed by drill-seeding native bunchgrasses to mowing and an untreated
control at five sites in southeastern Oregon over a four year period. Mowing and seeding
bunchgrasses increased bunchgrass density; however, bunchgrass cover did not differ among
treatments and exotic annuals increased. Though restoration of sagebrush communities with
degraded understories is needed, we do not recommend mowing and seeding native
bunchgrasses because this treatment produced mixed results that may lower the resilience and
resistance of these communities.
Introduction
In degraded Wyoming big sagebrush (Artemisia tridentata Nutt. ssp. wyomingensis Beetle
&Young) communities, restoration of resilience to fire and resistance to invasion is critical to
preventing conversion to an exotic annual grass-dominated state. The limited abundance of large
perennial bunchgrasses in these communities is probably the major reason they are susceptible to
exotic annual grass invasion when sagebrush is significantly reduced. Not disturbing Wyoming
big sagebrush communities with depleted native understories may intuitively seem a prudent
management action due to the risk of exotic annual grass invasion. However, these plant
communities will at some point probably burn in a wildfire and, thus, it is critical to restore their
resilience prior to a wildfire event (Davies et al. 2012).
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Increases in perennial bunchgrasses are probably limited by dense sagebrush overstories
and thus, sagebrush may need to be reduced to encourage perennial bunchgrass recovery (Boyd
and Svejcar 2011). However, reducing sagebrush in these plant communities has not necessarily
increased the native herbaceous understory (Beck et al. 2012; Davies et al. 2012), possibly due to
a depleted seed bank. Mowing, to reduce sagebrush dominance, followed by seeding native
perennial bunchgrasses may restore the native perennial bunchgrass component by overcoming a
depleted seed bank.
The objective of this research project was to determine if mowing and seeding large
native perennial bunchgrasses (native bunchgrasses excluding Sandberg bluegrass (Poa secunda
J. Presl)) in Wyoming big sagebrush plant communities with a depleted understory foster native
bunchgrass recovery without significantly increasing exotic annuals.
Methods
The study was conducted at five Wyoming big sagebrush-dominated sites in southeastern
Oregon. The herbaceous understory was considered depleted at all of sites because native large
perennial bunchgrass and native perennial forb density and cover were low. Treatments were: 1)
mowed (MOW), 2) mowed and then seeded with native perennial bunchgrasses (SEED+MOW),
and 3) untreated control (CONTROL). The SEED+MOW treatment was drill seeded after
mowing in the fall. The seed mix was comprised of bluebunch wheatgrass, basin wildrye, and
bottlebrush squirreltail with each species seeded at 5.6 kg·ha-1 pure live seed (PLS). Vegetation,
bare ground, and biological soil crust were measured each June for four years post-treatment
(2009-2012).
Results
Herbaceous plant functional groups varied in their response to treatments (Fig. 1). Large
perennial bunchgrass cover did not differ among the treatments (Fig. 1A; P = 0.29). Sandberg
bluegrass and perennial forb cover did not differ among treatments (data not presented; P = 0.72
and 0.37, respectively). Annual grass, annual forb (mostly exotics), and total herbaceous cover
were greater in the SEED+MOW and MOW treatments compared to the CONTROL treatment
(Fig. 1; P < 0.01), but did not differ between the SEED+MOW and MOW treatments (P > 0.05).
In 2012, annual grass cover was 6- and 9-fold greater in the SEED+MOW and MOW treatments
than in the CONTROL. In 2012, biological soils crust cover was 3.8- and 2.9-fold less in the
SEED+MOW and MOW treatments compared to the CONTROL treatment, respectively (Fig.
7

2C). Sagebrush cover was less in the SEED+MOW and MOW treatments compared to the
CONTROL treatment (Fig. 2D; P < 0.01). Averaged across all years, sagebrush cover was 4.8and 3.3-fold less in the SEED+MOW and MOW treatments compared to the CONTROL
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Figure 1. Plant functional group cover (mean ± S.E.) in Wyoming big sagebrush plant communities
that were mowed (MOW), mowed and seeded with native bunchgrasses (SEED-MOW) and an
untreated control (CONTROL). Treatments were applied in the fall of 2008 and vegetation response
was measured in June of the following four years. Different lower case letters indicated significant
differences among treatments.

When averaged across all years, large perennial bunchgrass density was 2.1- and 1.8-fold
greater in the SEED-MOW treatment compared to the MOW and CONTROL treatments,
respectively. Sandberg bluegrass and perennial forb density did not differ among treatments
(data not presented; P = 0.65 and 0.16, respectively). Annual grass density was greater in the
SEED+MOW and MOW treatments compared to the CONTROL treatment (Fig. 3B; P = 0.01).
Annual forb density did not differ among treatments in 2009 and 2012 (P = 0.20 and 0.21,
respectively), but in 2010 and 2011annual forb density was greater in the SEED+MOW and
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MOW treatments compared to the CONTROL treatment (P < 0.01). Sagebrush density was
approximately 1.5-fold greater in the CONTROL treatment compared to the SEED+MOW and
MOW treatments (Fig. 3D; P < 0.01).
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Figure 2. Cover (mean ± S.E.) in Wyoming big sagebrush plant communities that were mowed (MOW),
mowed and seeded with native bunchgrasses (SEED-MOW) and an untreated control (CONTROL).
Treatments were applied in the fall of 2008 and responses were measured in June of the following four
years. Different lower case letters indicated significant differences between treatments.

Discussion
Mowing sagebrush followed by seeding native perennial bunchgrasses increased bunchgrasses.
However, cover of large perennial bunchgrasses in mowed and seeded plots was still low (Fig.
1A) and not statistically different than unseeded areas. Thus, it is doubtful that resilience and
resistance has increased in the four years post-treatment. Less than 3% large perennial
bunchgrass cover is considerably less than found in relatively intact Wyoming big
sagebrush/bluebunch wheatgrass-Thurber’s needlegrass and Wyoming big sagebrush/bluebunch
wheatgrass plant communities where perennial bunchgrass cover average 9-12% (Davies et al.
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2006). More than doubling the perennial grass density with mowing and seeding is a positive
indicator and suggests the value in longer term evaluation of the treatment.
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Figure 3. Plant functional group and sagebrush density (mean ± S.E.) in Wyoming big sagebrush plant
communities that were mowed (MOW), mowed and seeded with native bunchgrasses (SEED-MOW)
and an untreated control (CONTROL). Treatments were applied in the fall of 2008 and vegetation
response was measured in June of the following four years. Different lower case letters indicated
significant differences between treatments.

Both annual forbs, largely comprised of exotics, and exotic annual grasses increased with
mowing whether or not native perennial bunchgrasses were seeded after mowing. The increase
in exotic annuals probably suppressed the establishment and growth of seeded native
bunchgrasses. Controlling exotic annuals may improve the success of seeding native vegetation
after mowing Wyoming big sagebrush; however, an additional treatment will further increase the
cost.
We found that biological soil crusts were reduced with mowing treatments in sagebrush
plant communities. Though not statistically significant, it appears that drill seeding after
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mowing may further decrease biological soil crusts probably because it is an additional soil
surface disturbance.
The general negative response of the plant communities to mowing in our study implies
that advances in technologies to reduce the disturbance needed to seed native bunchgrasses may
be especially valuable. This research suggests that when restoration efforts entail substantial
disturbances (i.e. mowing and drill seeding) there is significant risk of causing as much or more
damage than good to the ecosystem. The decline in biological soil crust and increase in exotic
annuals with mowing followed by drill seeding suggest that native plant communities’ resilience
to fire and resistance to invasion have been decreased. This suggests that these plant
communities may now be on a trajectory towards an exotic annual-dominated state. Thus,
caution is advised when restoration efforts in any ecosystem disturb vegetation and soil.
Conclusions
Wyoming big sagebrush plant communities with degraded understories are a
management conundrum. Without understory restoration (i.e. increasing large perennial
bunchgrasses) they will probably burn in a wildfire and convert to exotic annual dominated
communities. However, restoration efforts are largely unsuccessful, costly, and, in general,
increase exotic annuals. Seeding native perennial bunchgrasses after mowing increased
perennial bunchgrass density, but cover was still low four years post-seeding and exotic annuals
increased substantially. At this time, we do not consider this a successful restoration effort and it
may have even decreased the resilience and resistance of these plant communities. Longer term
evaluation is needed to determine if mowing and seeding will increase perennial bunchgrass
cover and density enough to suppress exotic annuals and improve the resilience and resistance of
these communities. Further advancements in science are needed to improve the success of
restoring native herbaceous vegetation in degraded Wyoming big sagebrush plant communities
before managers should attempt to restore these communities.
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Summary
Western juniper (Juniperus occidentalis Hook.) in North America are encroaching other plant
communities because of a reduced in fire frequency. Prescribed fire is being increasingly
employed to restore juniper-encroach sagebrush steppe communities. We compared vegetation
recovery following prescribed fire on Phase 2 (mid-succession) and Phase 3 (late-succession)
western juniper woodlands. The Phase 2 site maintained native herbaceous species before and
after fire. The Phase 3 site shifted from native herbaceous species to dominance by invasive
weeds. The results suggest that Phase 2 sites are more likely to recover native vegetation after
fire, while indicating sites transitioning from Phase 2 to Phase 3 cross a recovery threshold where
the potential is greater for invasive weeds to dominate.
Introduction
Western juniper are encroaching sagebrush steppe plant communities because of a reduced in
fire frequency. Adverse effects of woodland expansion on sagebrush steppe communities include
loss of wildlife habitat, elimination of shrubs, and reduced herbaceous diversity/productivity.
Thus, woodland control in sagebrush steppe, mainly using fire, has been a major management
focus. However, forecasting vegetation recovery following prescribed fire is less predictable as
western juniper woodland development varies across landscapes. Within Phase 1 woodlands,
shrubs and herbaceous species are the dominant vegetation with few trees present; in Phase 2
woodlands, trees co-dominate with shrubs and herbaceous plants; and in Phase 3 woodlands,
trees are dominant and shrubs and herbaceous layers are reduced. The transition from Phase 2 to
Phase 3 woodlands alters fuel characteristics and this likely changes fire behavior and increases
13

fire severity, leading to a post-fire risk of weed dominance. Thus, we expect that Phase 3
woodlands may have crossed a threshold, where natural recovery is uncertain and additional
inputs may be required to restore sagebrush steppe communities. However, this has not been
tested. Our objective was to identify transition thresholds for recovering sagebrush steppe
vegetation by comparing the recovery of the mountain big sagebrush (Artemisia tridentata Nutt.
ssp. vaseyana (Rydb.) Beetle) steppe herbaceous community after prescribed fire in Phase 2 and
Phase 3 western juniper woodlands.
Methods
The study was located in Kiger Canyon, Steens Mountain, southeastern Oregon. Twelve Phase 2
plots and nine Phase 3 plots, all measuring about 1.5 acres, were established in May 2003.
Criteria for determining woodland
phase (cover of herbaceous, shrub
and tree life forms) were taken
from Miller et al. (2005). Phase 2
and Phase 3 woodlands were
intermixed within an area of 15
km2 and were independent of each
other (Fig. 1).
Cutting involved felling
1/3 of the dominant and subcanopy western juniper trees
(>0.3m tall) in an even distribution
throughout the stands. Trees were
cut and dried over the summer,
followed by fall burning in 2003.
Recovery depended on natural
succession and no post-fire
Figure 1. Phase 2 and Phase 3 woodland sites for the Kiger Canyon
study area, Steens Mountain, Harney County, Oregon, USA. Phase
2 woodlands represent a co-dominance of trees, shrubs and
herbaceous plants and in Phase 3 woodlands, trees are dominant and
shrubs and herbaceous layers are reduced.

seeding was undertaken. Livestock
were excluded for 2 years before
burning to increase fine fuel loads.
Vegetation characteristics were
14

measured in June (2003–2007, 2009) and July (2012). Livestock grazed intermittently in the
post-fire years with low to moderate utilization.
Results
The prescribed fires killed remaining
uncut western juniper trees in both
Phase 2 and 3 woodland sites. The fire
also consumed all fuels up to and
including 1000-h fuels.
Prior to fire, perennial grass
cover was 4 times (P < 0.0001) greater
in Phase 2 sites than in Phase 3 sites
(Fig. 2a). From 2004 to 2012 perennial
grass cover was 3–6 times greater (P <
0.0001) in Phase 2 than in Phase 3 sites.
Perennial forb cover was 2 times (P <
0.0001) greater in Phase 2 than in Phase
3 sites before treatment (Fig. 2b). After
fire, perennial forb cover was 2–10
times greater (P < 0.001) in Phase 2
Figure 2. Functional group cover (%) in burned Phase 2 and
Phase 3 western juniper woodlands, Steens Mountain, Oregon
(2003–2012; 2003 is the pre-fire year): (a) perennial grasses;
(b) perennial forbs; (c) Poa secunda; (d) Bromus tectorum and
(e) annual forbs. Data are means ±1 standard error. Means
sharing a common lowercase letter are not significantly
different (P > 0.05).

than in Phase 3 sites. Cheatgrass was
present in trace amounts before
treatment in both woodland phases, but
increased significantly after fire (Fig.
2d; P < 0.0001). Cheatgrass cover was

4–16 times greater in the Phase 3 than the Phase 2 sites, in 2006–2012 (P < 0.0001).
Before fire, perennial grass density was 3 times greater in Phase 2 than in Phase 3 sites
(Fig. 3a; P < 0.0001). Burning decreased perennial grass density by 78% in the Phase 2 sites,
from ~14 to 2–3 plants·m-2. Phase 3 sites showed a decline of 95% in perennial grass density,
from ~4 to <1 plants·m-2 (P = 0.004). Perennial grass densities have increased in both phases
since fire, but from 2005 to 2012 densities were 4–5 times greater in the Phase 2 sites (P <
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0.0001). Densities of perennial forbs
were 4–5 times greater in the Phase 2
than Phase 3 sites after fire (Fig. 3b; P =
0.002).
Discussion
Prescribed fire in two different phases
of woodland development provided a
distinct contrast in herbaceous recovery
in western juniper invaded sagebrush
steppe. The first two years after fire
herbaceous recovery was mainly
comprised of perennial and annual forbs
on both burned woodland phases, a
successional stage typical of juniper
woodlands following fire (Bates et al.
Figure 3. Herbaceous perennial densities (plants ∙ m ) in
burned Phase 2 and Phase 3 western juniper woodlands, Steens
Mountain, Oregon (2003–2012; 2003 is the pre-fire year): (a)
perennial grasses; (b) perennial forbs; (c) Poa secunda. Data
are means ± 1 standard error. Means sharing a common
lowercase letter are not significantly different (P > 0.05).
-2

2011). However, by the third year after
fire, vegetation succession had diverged
between phases, with cheatgrass
dominating Phase 3 sites and
herbaceous perennials dominating Phase

2 sites. Cheatgrass was dominant on Phase 3 sites even after perennial grasses had returned to
pre-burn levels of cover and density by the fourth and sixth year after fire, respectively.
Increasingly, experimental evidence indicates that the resilience of mountain big
sagebrush steppe communities following fire is dependent on the persistence of sufficient density
of perennial herbaceous vegetation (Bates et al. 2011; Condon et al. 2011). The limited increase
in cheatgrass on Phase 2 sites were likely due to the persisting density of perennial grasses and
forbs first year post-fire, and near full recovery by the fourth year post-fire. The greater presence
and recovery of perennial herbaceous vegetation has been indicated by others to prevent annual
grasses from dominating after fire in sagebrush steppe (Davies et al. 2008; Condon et al. 2011).
Despite dominance by cheatgrass in post-fire Phase 3 woodland, perennial grass density
and cover continued to increase. Should this trend continue, native species may, over a longer
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period, replace cheatgrass. However, the current dominance by cheatgrass leaves potential for
this species to alter the fire regime and limit native species recovery.
State-and-transition models for interpreting expanding juniper woodlands with fire are
essential for woodland management and sagebrush steppe restoration, however, the following
interpretation specifically applies to ecological sites with similar site characteristics as those of
our study. Our results suggest that sites in Phase 1 and Phase 2 woodland encroachment will
likely recover following fire disturbances. Phase 3 woodlands may recover following fire or be
invaded by exotics, with surviving perennial plant density and invasive species presence
becoming the prime determinants of plant community succession. We suggest that native species
composition will recover in Phase 2 and Phase 3 woodlands when perennial grass and forb
densities respectively exceed 1 and 5 plants · m-2 post-fire, based on results from Bates et al.
(2011). Sites with herbaceous values below these levels, as in our study, have a greater risk of
becoming dominated by invasive annual grasses following fire, indicating that a threshold may
have been crossed.
Conclusions
Burning in Phase 3 woodlands is less predictable because of depleted understory components
and greater fire effects on herbaceous vegetation, which increase the risk of post-fire weed
dominance. Phase 3 woodlands that are burned by wildfire or prescribed fire in fall are more
likely to require additional inputs, primarily seeding and weed control, for vegetation recovery
goals to be realized. Because of the expense of using multiple controls in Phase 3 juniper
woodlands and because burning offers less predictable results, priority should be to treat Phase 1
and Phase 2 woodlands before they transition to Phase 3. Phase 1 and Phase 2 juniper
woodlands, which have an intact understory of shrubs and herbaceous species, will most likely
be dominated by native vegetation after fire. It will take several decades for mountain big
sagebrush to recover following burning of Phase 1 and 2 woodlands; however, there is greater
potential for achieving recovery goals and preventing woodland dominance by reintroducing fire
in Phase 2 and earlier stages of juniper woodland development.
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Restoring Sagebrush in Crested Wheatgrass–Dominated Communities
Kirk W. Davies, Chad S. Boyd, and Aleta M. Nafus
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Sagebrush Component in Crested Wheatgrass–Dominated Communities. Rangeland Ecology
and Management. 66(4):472–478.

Summary
Monocultures of crested wheatgrass, an introduced perennial grass, occupy vast expanses of the
sagebrush steppe. These crested wheatgrass stands do not provide habitat for sagebrush
associated species until sagebrush recovers. Therefore, we investigated planting sagebrush
seedlings and broadcast seeding sagebrush across varying levels of crested wheatgrass control
with glyphosate. Sagebrush density and size were greater with planting seedlings and higher
levels of crested wheatgrass control, than with broadcast seeding and lower control levels. Our
results suggest that planting sagebrush seedlings can structurally diversify crested wheatgrass
stands to provide habitat for sagebrush associated wildlife.
Introduction
Crested wheatgrass (Agropyron cristatum [L] Gaertm. and Agropyron desertorum [Fisch.]
Schult.) is a nonnative perennial bunchgrass that has been seeded on 6 to 11 million ha in
western North America. Recently, crested wheatgrass has been seeded after wildfires because it
suppresses undesirable exotic annual grasses (Davies et al. 2010), decreases runoff risk,
establishes well, and increases livestock forage. Crested wheatgrass is often selected for
restoration after disturbances because it is less expensive, more available, and establishes better
than native bunchgrasses. Though it has also been suggested as a bridge species to convert exotic
annual-invaded rangelands to native perennial plant communities, crested wheatgrass dominates
the seedbank and limits the growth and recruitment of native plants. Thus, efforts to restore
crested wheatgrass–dominated rangelands to their full complement of native plant species, or
even native plant functional groups, have a high probability of failure.
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Focusing on re-establishing the foundation species big sagebrush may be more opportune
in diversifying the structure and function of these introduced grasslands. Such diversity would
further mitigate the widespread loss of habitat for sage grouse and other sagebrush associated
wildlife species.
The objective of this study was to investigate the establishment of Wyoming big
sagebrush (Artemisia tridentata spp. wyomingensis [Beetle & A. Young] S. L. Welsh) from
planting seedlings and broadcast seeding in crested wheatgrass monocultures. Because crested
wheatgrass is an effective competitor, we also evaluated the effect of differing levels of crested
wheatgrass control with glyphosate on sagebrush establishment and growth.
Methods
The study sites were located approximately 75 km south of Burns, Oregon, USA, on the Malheur
National Wildlife Refuge, an area drill seeded with crested wheatgrass in 1981 after a wildfire.
In 2009, study sites were near-monocultures of crested wheatgrass with no sagebrush reestablishment. Domestic livestock grazing has been excluded for the past 10 years, but wildlife
had unrestricted access to the study sites. Treatments were a combination of four different rates
of brushed on glyphosate herbicide (0%, 25%, 50%, or 75% of plants brushed) applied within
two different sagebrush establishment methods (planting seedlings or broadcast seeding).
Treatments were applied at six different sites and each site consisted of eight 3 x 6 meter plots.
Herbicide was applied in late April and early June of 2009. Herbaceous cover and density, and
sagebrush density were measured in June 2010, 2011, and 2012. Sagebrush height (excluding
reproductive stems) and cover were measured in July 2012.
Results
Herbaceous Cover
In general, higher control levels decreased crested wheatgrass cover (P < 0.01; Fig. 1A). Over a
three year average, crested wheatgrass cover in the 0% control was approximately double that of
the 75% control level plots. Annual forb cover was on average 2.5 times greater in the 75%
control level compared to the 0% control level across all post-treatment years (P = 0.11). Total
herbaceous cover was generally greatest at the lowest control levels (Fig.; 1C P < 0.01).
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Figure 1. Crested wheatgrass (A), annual forb (B), total herbaceous (C), and bare ground (D) cover in 2010,
2011, and 2012 across varying levels of crested control with glyphosate. Data from seedling and seeded
plots are averaged together in figures. Lower case letters indicate response variable differences (P < 0.05)
among control levels.

Herbaceous Density
Crested wheatgrass density generally decreased with higher rates of control (Fig. 2A; P < 0.01).
Averaged across all post-treatment years, the 0% control plots had between 1.7 and 3.1 crested
wheatgrass plants · m-2 more than the plots receiving some level of crested wheatgrass control.
Annual grass density was generally greater in the two higher control levels compared to the two
lower control levels (Fig. 2B; P = 0.03). The study sites had very little to no Sandberg bluegrass,
native perennial grasses, and perennial forbs.
Sagebrush Cover and Density
Sagebrush density and cover was greater with planting sagebrush seedlings than with broadcast
seeding sagebrush (Fig. 3A and 3B; P < 0.01 and = 0.04, respectively). In 2012, the third year of
the study, sagebrush density and cover was 13.6 and 21 times higher in the seedling compared to
seeded plots. Seeded sagebrush established only at the highest rates of crested wheatgrass
control. Sagebrush cover generally increased with higher control levels (P = 0.03). In 2012,
sagebrush cover was three times greater in the 75% control compared to the 0% control level
21

plots. In the seedling plots, sagebrush
height and canopy area were generally
greater at higher control levels (P < 0.01
and 0.04, respectively). In 2012, height was
1.4 times greater and canopy area was 2.7
and 2.9 times greater in the 50% and 75%
control plots compared to 0% control plots
(Fig. 4B; P = 0.04 and 0.02, respectively).

Figure 2. Crested wheatgrass (A) and annual grass (B)
density in 2010, 2011, and 2012 across varying control
levels of crested wheatgrass with glyphosate. Data from
seedling and seeded plots are averaged together in
figures. Lower case letters indicate response variable
differences (P < 0.05) among control levels.

Discussion
Planting sagebrush seedlings resulted in the
greater establishment of Wyoming big
sagebrush than broadcast seeding. Survival rate
for seedlings was about 70% in even the
uncontrolled crested wheatgrass, probably due to
the niche differentiation between sagebrush and
crested wheatgrass as sagebrush matures.
However, sagebrush plants were larger and
sagebrush cover was greater 3 years post-

Figure 3. Sagebrush cover (A) and density (B) in
plots where sagebrush was planted as seedlings or
broadcast seeded in crested wheatgrass stands with
varying rates of crested wheatgrass control with
glyphosate. Sagebrush density was averaged over
the study and sagebrush cover is from the third year
post-treatment. Different lower case letters indicate
differences (P < 0.05) in response variables between
control levels applied to crested wheatgrass.
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treatment at the higher levels of crested
wheatgrass control, suggesting that
competition between sagebrush and crested
wheatgrass for limited resources may affect
early growth. Also, since precipitation was
average to higher than average during our
study, crested wheatgrass control may affect
sagebrush persistence and growth more in
drier years.
Though our results suggest that
Wyoming big sagebrush can be established
from broadcasted seeds where crested
wheatgrass is controlled, the density was
34.5 and 4.2 times less than seedling planted
plots at the 50% and 75% control level,
Figure 4. Height (A) and canopy area (B) of sagebrush
planted as seedlings 3 yrs. prior in crested wheatgrass
stands with varying levels of crested wheatgrass
control with glyphosate. Different lower case letters
indicate response variable differences (P < 0.05)
between control levels.

respectively. Other results from studies on
rangeland restoration in Oregon (Fansler and
Mangold 2011) and Idaho (Lysne and Pellant
2004) showed that low success rates for
shrub establishment by seed are typical. The

low density of Wyoming big sagebrush in the seeded plots, even with high level of crested
wheatgrass control, implies that additional recruitment events will need to occur before the
community will be converted to a sagebrush-crested wheatgrass community.
As suggested by the increase in exotic annuals at the highest levels of control, intense
and/or repeated control of crested wheatgrass may increase the threat of conversion to an exotic
annual-dominated plant community. Attempting diversification projects in crested wheatgrass
stands using native perennial herbaceous species and control treatments may also increase the
risk of conversion to exotic annual grasslands, as the native plants largely fail to establish
(Fansler and Mangold 2011). Our results suggest that sagebrush can successfully be established
in crested wheatgrass stands without applying control treatments; thereby, decreasing costs and
reducing the risk of exotic annuals dominating the plant community. Reestablishing sagebrush
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by planting seedlings will accelerate recovery of key habitat elements for sage-grouse and other
sagebrush-associated wildlife.
Conclusions
Planting Wyoming big sagebrush seedlings resulted in high sagebrush establishment without
control of crested wheatgrass. With high levels of crested wheatgrass control, broadcast seeded
sagebrush was somewhat successful and the size of planted sagebrush seedlings increased. Our
results suggest that even with control of crested wheatgrass, natural recovery of native perennial
herbaceous vegetation is unlikely. However, the composition and structure of crested wheatgrass
stands can be diversified by planting Wyoming big sagebrush seedlings without having to
control crested wheatgrass.
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Fire Exclusion in Mountain Big Sagebrush Communities Reduces Spatial and
Temporal Heterogeneity
Kirk W. Davies, Jon D. Bates, Chad S. Boyd and Aleta M. Nafus

For more information see: Davies, K.W., J. D. Bates, C. S. Boyd, and A. M. Nafus. (IN
PRESS) Is fire exclusion in mountain big sagebrush communities prudent? soil nutrient, plant
diversity, and arthropod response to burning. International Journal of Wildland Fire.

Summary
Fire has been excluded from many high elevation sagebrush communities because of current
management policies. Fire, however, may be important in these ecosystems. We found that fire
creates spatial and temporal heterogeneity in soil nutrients, arthropods, and plant diversity. This
suggests that fire exclusion may have some negative impacts and that management may need to
include infrequent fire.
Introduction
In mountain big sagebrush (Artemisia tridentata Nutt. ssp. vaseyana (Rydb.) Beetle) plant
communities, infrequent fire removed encroaching conifers that, in time, exclude sagebrush from
the community, decrease herbaceous vegetation, and increase erosion and runoff risk (Miller and
Rose 1999; Miller et al. 2005; Pierson et al. 2007). However, in mountain big sagebrush plant
communities without significant encroachment of conifers, fire is generally viewed as a negative
disturbance because present-day managers are almost exclusively focused on greater sage-grouse
(Centrocercus urophasianus) habitat. Wide-spread loss of sage-grouse habitat has resulted in a
mentality that fire should be excluded from sagebrush-dominated communities, largely because
sagebrush is temporarily removed from with fire. Despite the concerns for sage-grouse habitat,
other organisms may benefit from fire in sagebrush communities. Thus, considering the current
efforts to limit fire in mountain big sagebrush plant communities, it is critical to develop a better
understanding of the influence of fire in these communities. The purpose of this research project
was to determine the influence of fire on soil nutrient availability, plant diversity, and arthropods
in mountain big sagebrush plant communities.
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We evaluated the responses of soil
nutrients, plant diversity and arthropods
to burning in mountain big sagebrush
plant communities on the Hart Mountain
National Antelope Refuge. Six sites with
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Figure 1. Soil nutrient concentrations (mean + S.E.) in
burned and unburned (control) mountain big sagebrush
plant communities measured from May 15 to July 15 in
2008, 2009, and 2010. Asterisk (*) indicates significant
difference (P ≤ 0.05) between treatments in that year.

2008, 2009, and 2010. Pitfall traps were
used to measure the response of arthropods to burning. Traps were active from May through
August and were sampled monthly in 2008 and 2009.

26

Results
In 2008, nitrate concentrations were 2-fold greater in the burn compared to the control treatment
(Fig. 1; P = 0.04). In 2009 and 2010, nitrate concentrations did not differ between the burn and
control treatment (P = 0.76 and 0.82, respectively). Ammonium concentrations did not differ
between treatments (P = 0.59). Calcium and magnesium concentrations were on average 1.2fold greater in the burn than control treatment (P < 0.01 and = 0.01, respectively). Potassium,
boron, and sulfur concentrations were greater in the burn than the control when averaged across
all years (P = 0.01, 0.02 and 0.04).
In 2008, plant diversity
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was 1.1-fold greater in the burn
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Figure 2. Plant diversity (H) and species richness (mean + S.E.) in
burned and unburned (control) mountain big sagebrush plant
communities in 2008, 2009, and 2010. Asterisk (*) indicates
significant difference (P ≤ 0.05) between treatments in that year.

and in 2010 plant diversity was

(P = 0.03). Plant species richness
did not differ between the burn
and control treatments (P = 0.55).
Arthropod diversity (at

the order level) was greater in the control (1.38 ± 0.06) than the burn (1.16 ± 0.08) in 2008 (P =
0.05). In contrast, arthropod order richness was greater in the burn (10.4 ± 0.4) than the control
(9.6 ± 0.3) treatment (P = 0.01). In 2009, arthropod diversity and richness were not different
between the control and burn treatments (P = 0.95 and 0.26, respectively). Total density of
arthropods was greater in the burn (219 ± 21 individual·month-1) than control (164 ±18
individual·month-1) in 2008 (P = 0.05).
Hymenoptera (ants) and Orthoptera (crickets and grasshoppers) densities were greater in
burn compared to the control treatment in 2008 (P < 0.05), but did not differ between treatment
in 2009 (Fig. 3). Coleoptera (beetles) density did not vary by treatment in 2008 or 2009 (Fig.
3C; P = 0.28 and 0.18, respectively). Araneae (spiders) and Zygentoma (silverfish) densities
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were 1.7- to more than 2-fold greater in the control compared to the burn treatment in 2008 and
2009 (Fig. 3). Hemiptera (true bugs) density was 6.6- and 2.1-fold greater in the burn compared
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Figure 3. Densities of arthropod Orders captured in pitfall traps in burned and unburned (control)
mountain big sagebrush plant communities in 2008 and 2009. Asterisk (*) indicates significant
difference (P ≤ 0.05) between treatments in that year.

Discussion
About half of the measured soil nutrients were greater in the burn than the untreated control.
Plant diversity increased with burning in the first year post-burning, but not in subsequent years.
The more than two-fold increase in nitrate and other soil nutrients after fire was associated with
increased diversity in the first post-burn year. Burning probably initially increased plant
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diversity by increasing resources, but as perennial grass production increased (Davies et al.
2012) in response to increased resources, diversity decreased because of added competition and
shading. The lack of differences in nitrate between the burn and control treatment by the second
year post-burn further suggests that competition for resources may have increased after the first
year post-burn.
Arthropod response to burning supported our third hypothesis that burning would
influence the arthropod community. We found most arthropod groups varied between the burn
and unburned control treatments. In our study, density of some arthropod Orders were greater in
the burn, while other Orders were lower in the burn. Some differences were only evident the
first year after burning suggesting that some effects are rather ephemeral. Cumulatively, our
results demonstrate that the burning in mountain big sagebrush communities can create temporal
and spatial heterogeneity in arthropod communities. Increases in ants and Orthoptera may be
beneficial to sage-grouse, a species of conservation concern, and other arthropod-consuming
wildlife (e.g. sagebrush lizard, northern horned lizard, sage thrasher, etc.).
Our results suggest that fire is an important ecosystem process in mountain big sagebrush
communities. The differences in arthropod communities between burned and unburned plots in
our study suggest that even without conifer encroachment, excluding fire from mountain big
sagebrush plant communities alter natural spatio-temporal variability of organisms that depend
on the variable vegetative states that infrequent fires create. More fire-adapted species are likely
being negatively impacted by fire exclusion policies. Our results suggest that fire in mountain
big sagebrush plant communities is a driver of spatial and temporal heterogeneity and an
important component of the ecosystem.
Conclusions
The decline of sage-grouse has resulted in a mentality that we must strive to maintain sagebrush
dominance on lands currently occupied by sagebrush and that maintaining this dominance is
associated with preventing disturbances such as fire that result in removal of most sagebrush
taxa. The short-term benefit of such a policy is clear (i.e. maintenance of sage-grouse habitat),
but the longer term implications for mountain big sagebrush communities that include species
favored by fire have not received adequate consideration. Our results suggest that fire is
important to creating heterogeneity in the arthropod community, which probably influences other
trophic levels. The doubling of arthropod density the first year after fire is essentially creating a
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“hotspot” of arthropods that may be beneficial to arthropod-consuming wildlife. Undoubtedly
we have to balance the needs of sage-grouse and other species of conservation concern, but
should also be cognitive that excluding fire from mountain big sagebrush communities may
negatively impacting other species. Burned and unburned mountain big sagebrush communities
provide a heterogeneity of habitats that meets the needs of multiple organisms. We are not
advocating for immediately burning large swaths of mountain big sagebrush habitat, as the
consequences would be dire for sage-grouse and other sagebrush-associated wildlife, but we are
suggesting that long-term maintenance of diversity in mountain big sagebrush habitat may need
to include applying fire at spatial and temporal scales that complement the diversity of habitat
needs of sage-grouse and other species.
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Summary
The objective of this research was to determine if seed enhancement technologies using activated
carbon could be used to protect seeded bunchgrasses from imazapic applied to control exotic
annual grasses. Bluebunch wheatgrass (Pseudoroegneria spicata) seed was untreated, coated
with activated carbon, or incorporated into “herbicide protection pods” (HPPs) made of activated
carbon. Seed coating improved resistance to imazapic at 70 g ae · ha-1. HPPs provided protection
from imazapic at all application rates. Our results indicate that HPPs and, to a lesser extent,
activated carbon coated seed have the potential to further enhance a single-entry revegetation
program by providing land practitioners with the ability to apply imazapic at rates necessary for
annual grass control while minimizing non-target injury of seeded plants.
Introduction
Exotic annual grasses most often need to be controlled with an herbicide like imazapic before
desired species can be established. It is common practice to postpone seeding efforts for up to a
year following imazapic application, to allow herbicide activity to decline to a level that
minimizes non-target plant injury (Davies 2010). However, when seeding is delayed, exotic
annual grasses that were initially controlled by the herbicide may re-invade and outcompete
seeded species. In addition, restoration that requires multiple steps is generally more expensive
and energy demanding than single-entry approaches.
Successful restoration of annual-dominated communities may be best achieved through
methods that control invasive weeds while simultaneously establishing desired species during the
time when competition from annuals is lowest. Activated carbon has a high adsorption capacity
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for a wide range of organic compounds that allows for the subsequent deactivation of various
herbicides (Coffey and Warren 1969). Activated carbon has been used in croplands to deactivate
herbicides in the immediate vicinity of seeded species, which allows concurrent planting and
weed control. In row crops, “banding” has been shown to improve herbicide selectivity by
applying a slurry of activated carbon in a band (2.54 cm or more) over the seed row, to protect
the crop from herbicide (Lee 1973). A limitation of banding activated carbon is that this
technique does not provide complete control because weed seed within the band will also be
protected from herbicide (Lee 1973). Unlike banding, an activated carbon seed coating only
provides protection to the seed and potentially a thin layer around the seed. Protection afforded
by such a thin layer of activated carbon may be inadequate for preventing herbicide uptake by
the germinated seed as the radical extends into the surrounding unprotected soil. In contrast, we
have developed herbicide protection pods (HPPs) that may offer both the protective ability of
activated carbon banding and the improved selectivity of seed coating. HPPs are sown flat with
the top of the pod level or just below the soil surface (Fig. 1). This seeding method may allow for
an efficient coverage of activated carbon over the seeded species to neutralize herbicide uptake,
while maximizing the ability of the herbicide to control weed species.
Methods
This study was a pot study
conducted in the laboratory.
Bluebunch wheatgrass seed
was untreated, coated with
activated carbon, or
incorporated into HPPs
containing activated carbon.
Pots with the sown seeds
were sprayed with 0,70, 105,
140, or 210 g acid equivalent
(ae) · ha-1 (0, 4, 6, 8, 12 oz ·
acre-1) of the pre-emergent
herbicide imazapic

Figure 1. Illustration of a weed infested area that was planted with seed
that was incorporated within herbicide protection pods (HPPs). The site
was treated with pre-emergent herbicide, which controlled weed species
while activated carbon in the HPPs deactivates herbicide in the
immediate vicinity of the sown seed and allows for plant growth.

(Panoramic 2SL, Alligare
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LLC, Opelika, AL) (3 seed treatments X 5 herbicide application rates = 15 experimental
treatments). The study was arranged in a randomized complete block design with 8 replicates per
treatment. Each pot was seeded with 20 PLS of downy brome (1000 PLS · m-2), and 10 PLS per
pot (500 PLS · m-2) of bluebunch wheatgrass. Two pods were added to each pot designated to
receive HPPs. Herbicide was applied immediately after planting. The study was conducted for
47-days. Response variables recorded at the conclusion of the study included: 1) plant density, 2)
shoot height, and 3) oven dried (65°C for 72-hrs) aboveground biomass.
Results
Imazapic effectively controlled downy brome and impaired untreated bluebunch wheatgrass at
all application rates (Fig. 2). Where herbicide was not applied, downy brome biomass dominated
the growing space, producing approximately 3-fold more plants and 13-fold more above-ground
biomass than bluebunch wheatgrass. Bluebunch wheatgrass seed coated with activated carbon
showed some resistance to imazapic at 70 g ae · ha-1 (Fig. 2D-F). Bluebunch wheatgrass seeds
that were incorporated into HPPs were protected from imazapic at all application rates, including
the highest recommended by the herbicide manufacturer (210 g ae · ha-1; see Panoramic 2SL
specimen label). Averaged across the four levels of herbicide application (excluding the no
herbicide level), bluebunch wheatgrass density, height, and biomass produced from HPPs were
1.7, 8.5, and 10.8-fold higher than downy brome, respectively, and 4.8, 3.8, and 19.0-fold higher,
respectively, than that produced from the untreated bluebunch wheatgrass seeds (Fig. 2).
Discussion
These results indicate that HPPs and, to a lesser extent, activated carbon seed coatings, may make
it possible for land managers to use a single entry system to plant desired species while
simultaneously applying imazapic for weed control. In this study, imazapic was highly effective
at controlling downy brome; however, significant non-target plant injury occurred to seedlings
growing from non-treated bluebunch wheatgrass seed.
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Figure 2. Downy brome (A-C) and bluebunch wheatgrass (D-E) density, plant height and above-ground
biomass production in response to imazapic application rates and seed treatments. Seed treatments were only
applied to bluebunch wheatgrass and included: 1) untreated seed (control), 2) activated carbon coated seed, and
3) herbicide protection pods (HPPs). Mean seed treatment values with different lowercase letters differ by P ≤
0.05, within an imazapic application rate level.
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The combined use of imazapic and activated carbon treated seeds has a strong potential to
decrease resource competition from invasive weeds. The use of activated carbon allows seeding
to occur simultaneously with exotic annual grass control compared to waiting one year for
herbicide toxicity to decrease. This allows seeded species one more year of growth without
competition from exotic annual grasses and thus should improve the probability of successful
establishment. Once established, perennial-bunchgrasses are highly competitive with downy
brome and other exotic annual grasses (Clausnitzer et al. 1999; Davies 2008).
Conclusions
Our results indicate that activated carbon can be used with seed enhancement technologies to use
a single-entry revegetation program to revegetate exotic annual grass-invaded rangelands.
However, additional research is merited for the further development and evaluation of HPP
technology, including field studies, before it can be recommended as a restoration treatment.
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Restoration of Medusahead-Invaded Rangelands: Importance of Diversity,
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Restoration of exotic annual grass-invaded rangelands: importance of seed mix composition.
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Summary
We evaluated the effects of seeding different life forms and increasing species richness in seed
mixes seeded after medusahead control to restore desirable vegetation (perennial herbaceous
vegetation) and limit exotic annual grasses at two sites in southeastern Oregon. Large perennial
grasses, the dominant herbaceous plant life form, were the most important group to seed for
increasing perennial herbaceous vegetation cover and density. We did not find evidence that
greater seed mix species richness increased perennial herbaceous vegetation or decreased exotic
annual grass dominance more than seeding only the dominant species.
Introduction
After successful control of medusahead (Taeniatherum caput-medusae (L.) Nevski) and other
exotic annual grasses, desirable, competitive vegetation must be established or exotic annual
grasses will rapidly regain dominance of the plant community (Young 1992; Monaco et al.
2005). Restoring desirable vegetation after exotic annual grass control has largely focused on
perennial grasses, because they compete heavily with and limit the establishment of exotic
annual grasses and are widely available and less expensive than other plant functional groups.
Crested wheatgrass (Agropyron cristatum (L.) Gaertn.) and squirreltail (Elymus elymoides (Raf.)
Swezey) are two large perennial bunchgrasses that have been shown to be competitive with
medusahead (Hironaka and Sindelar 1973, 1975; Davies 2010; Davies et al. 2010). Thus, these
two species are logical choices for seeding after medusahead control, but which species better
suppresses medusahead or if seeding both species together conveys more benefits is unknown.
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Seeding a mixture of plant species or different life forms after medusahead control may
increase resistance to re-invasion by increasing niche occupation. Diverse plant communities are
generally expected to be more resistant to exotic plant invasion and produce more vegetation
cover and biomass because of increased niche occupation. However, disagreement exists as to
whether species richness or dominant species maximize resistance to exotic plant invasion.
The objective of this study was to determine the influence of different seed mixes on
medusahead and perennial herbaceous vegetation after application of control treatments in
medusahead-invaded Wyoming big sagebrush plant communities in the northern Great Basin.
Specifically, we evaluated the effects of seeding crested wheatgrass and squirreltail individually
and together and increasing seed mix species richness on the cover and density of exotic annual
grass and other plant functional groups. We also investigated the relative importance of different
plant functional groups for limiting reestablishment of exotic annual grass and increasing
perennial herbaceous plant cover and density following annual grass control.
Methods
The study was conducted at two sites in southeastern Oregon approximately 15 km south of
Drewsey, OR (43˚40’10.05”N, 118˚25’51.54”W). All the plant communities were near
monocultures of medusahead prior to treatment. One year prior to seeding, all treatment plots
were burned to remove exotic annual grass litter and then treated with imazapic (Plateau®)
herbicide to control exotic annual grasses. At each site, seeding treatments were applied in
October of 2008 to 4 m2 plots with a 0.5 m buffer between treatments and replicated four times.
Seed treatments were: 1) crested wheatgrass, 2) bottlebrush squirreltail, 3) large perennial grass
(LP), 4) Sandberg bluegrass (SB), 5) forbs (F), 6) LP-F, 7) LP-F-SB, and 8) a non-seeded
control. Crested wheatgrass and bottlebrush squirreltail were seeded at 10 kg PLS·ha. The LP
seed mixed consisted of crested wheatgrass and bottlebrush squirreltail both seeded at 5 kg
PLS·ha. The SB and F treatments were seeded at 4 kg PLS·ha. The F seed mix consisted of
Ladak alfalfa (Medicago sativa), Indian paintbrush (Castilleja applegatei), western yarrow
(Achillea millefolium) and cornflower (Centaurea cyanus) seeded at 1, 0.5, 0.3, and 2.2 kg
PLS·ha-1, respectively. Vegetation cover and density was measured in June of years 2009, 2010,
and 2011.
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Results
Crested wheatgrass and the perennial grass (crested wheatgrass and bottlebrush squirreltail
combined) treatment had greater total perennial herbaceous and perennial grass cover than the
control and bottlebrush squirreltail treatments (P < 0.05). Total perennial herbaceous and
perennial grass cover did not differ between the crested wheatgrass and perennial grass treatment
in any year of the study (P > 0.05). In 2010 and 2011, the large perennial grass treatment had
more total perennial herbaceous cover than the other plant functional group treatments (P <
0.01). Total perennial herbaceous density was generally highest in the perennial grass treatment,
but was not different from the Sandberg bluegrass treatment in 2011 and the forb and control
treatment did not differ from each other in any year (P > 0.05). Perennial grass cover was
greater in the perennial grass treatment than the forb, Sandberg bluegrass, and control treatments
(P < 0.01). From 2009 to 2011, perennial grass cover in the perennial grass treatment increased
from 3.5 ± 1.6% to 13.0 ± 2.7% (P < 0.01). Increasing the seed mix species richness after large
perennial grasses were seeded did not alter vegetation response. The LP, LP-F, and LP-F-SB
treatments did not differ in perennial grass and total perennial herbaceous density (P > 0.05).
Discussion
Seeding bottle squirreltail with crested wheatgrass did not increase perennial grass or total
perennial herbaceous vegetation cover and density compared to seeding only crested wheatgrass.
Areas seeded with crested wheatgrass had greater perennial grass cover and density compared to
areas seeded with bottlebrush squirreltail suggesting that dominant species composition is
important in restoration efforts.
Large perennial grasses increased total perennial herbaceous vegetation cover more than
the other seeded plant life forms suggesting that they are the most critical group to seed.
Perennial grasses use a disproportionate amount of resources and dominate the herbaceous
understory in non-invaded plant communities in this system (Davies et al. 2006; James et al.
2008). Seeded forbs rarely established and thus had no measured effect on any plant functional
group. The limited to no effect of seeding Sandberg bluegrass and forbs suggest that it is highly
improbable that either seeded group will have an impact on exotic annual grass dominance.
We found no evidence that following large perennial grass seeding with forb or forb plus
Sandburg bluegrass seeding on medusahead-invaded rangelands increased perennial herbaceous
vegetation or decreased exotic annual grasses in the three years following seeding. Seeding
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additional plant species did not improve restoration success beyond seeding only perennial
grasses. Once large perennial grasses were included in the seed mix, no measured increases in
perennial herbaceous vegetation occurred with the inclusion of additional plant functional
groups. This may be in part due to competition from the seeded perennial grasses. Though we
found no evidence that including additional herbaceous species (when additional life forms were
seeded) increased cover and density of perennial herbaceous vegetation or increased invasion
resistance when restoring exotic annual grass-invaded rangelands, restoration practitioners may
still want to include a diversity of plant species in seed mixes. Plant species other than the
dominant species may also be important for wildlife. Establishing a diverse plant community
may also increase community stability (Tilman et al. 1997). In addition, better establishment of
seeded forbs or seeding different species may have altered the plant community responses.
Conclusions
The minimal to no effect of seeding species, other than large perennial grasses, on total perennial
herbaceous vegetation suggests that including them in restoration seed mixes will have limited
impact on plant community resistance to exotic annual grass invasion in Wyoming big sagebrush
rangelands. Our results suggest that seeding the dominant species is more critical to restoration
success than seeding a mixture of species. In the Wyoming big sagebrush ecosystem, the most
important herbaceous species to seed after disturbance is the large perennial grass group. These
results probably do not apply to ecosystems with larger windows of time when conditions are
adequate for plant growth. In these ecosystems, a more species rich seed mix containing species
with varying temporal resource acquisition patterns is probably needed to effectively use
available resources to limit invasibility. We recognize that seeding a mixture of species may
have implications to productivity and invasibility over time because of species complementarity
and that establishing a diverse community potentially has benefits to higher tropic levels and
community stability. A mixture of species may also be more important in ecosystems with
multiple invasive species.
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Summary
Prescribed burning is often used to help control medusahead and prepare the seedbed for seeding
desired species; however, it is associated with liability concerns and can have widely varying
results. Capitalizing on naturally occurring wildfires may reduce overall project costs and
alleviate liability concerns. We evaluated seeding desired species after wildfires in medusahead
invaded rangelands. Perennial grass density greatly increased with this treatment; however
medusahead density was still relatively high. Our results suggest that early summer wildfires are
an opportunity to reduce the cost of revegetating medusahead-invaded rangelands, but will
probably require pre-emergent herbicide application to be fully successful.
Introduction
In western North America one of the most problematic invasive annual grass species is
medusahead (Taeniatherum caput-medusae). Medusahead invasion reduces biodiversity by
suppressing native plants, degrades habitat value by increasing wildfire frequency, and decreases
livestock forage production up to 80% (Davies and Svejcar 2008). Increases in fire frequency
then promote the dominance of medusahead and facilitate the continued invasion of adjacent
areas as medusahead excludes native vegetation through competition for resources. Therefore,
the revegetation of a medusahead-invaded plant community is often unsuccessful or requires a
costly combination of control treatments.
Though combinations of burning, herbicide application, and seeding perennial grasses
can successfully revegetate medusahead-invaded plant communities (Davies 2010), it requires
multiple entries, thereby increasing expense. Since medusahead has invaded millions of hectares
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of western rangeland and is continuing to rapidly spread (Duncan et al. 2004), cost is now a
prohibitive factor in revegetation. Prescribed burning has been proposed as a less expensive,
single entry control treatment, however in sagebrush (Artemisia L.) plant communities,
prescribed burning in the summer, when managers can expect the highest medusahead seed
mortality (DiTomaso et al. 2006), involves a high wildfire risk and associated liability. Burning
at other times of the year has a low rate of success without a follow-up pre-emergent herbicide
application (Davies 2010). However, the opportunistic use of naturally occurring wildfires
during the early summer period may assist managers in preparing medusahead-invaded plant
communities for revegetation efforts without having to incur the cost and liability of prescribed
burns.
Wildfires burned 6 of 19 medusahead-invaded plant communities where vegetation
characteristics had previously been measured in Davies and Svejcar (2008). These burned,
medusahead-invaded plant communities were seeded with a mixture of native and introduced
species that fall, providing an opportunity to evaluate the potential for opportunistically
combining seeding treatments with early summer wildfires for revegetating medusahead-invaded
plant communities.
Methods
This study was conducted in medusahead-invaded sagebrush steppe plant communities
approximately 65 km to 85 km east of Burns, Oregon. The treatments were 1) burned and seeded
plant communities (burn-and-seed treatment) and 2) plant communities that were not burned and
not seeded (control treatment). Moderate utilization by domestic livestock (40–50% forage use)
occurred across the study area prior to initiation of the study; however, livestock were excluded
during the study. All the study sites (treated plots and untreated controls) were nearmonocultures of medusahead and had also lost the shrub overstory in previous wildfires. Though
not measured, the native perennial grass seed bank was probably depleted because of the
medusahead dominance of the plant community. The wildfires used in the study occurred in
early to mid-July of 2007 and seeding was done in October of 2007. A seed mix including 4.02
lbs per acre PLS (pure live seed) of crested wheatgrass (Agropyron cristatum), 1.96 lbs per acre
PLS of Siberian wheatgrass (Agropyron sibiricum), 2.01 lbs per acre PLS of bluebunch
wheatgrass, 0.99 lbs per acre PLS of Snake River wheatgrass (Elymus wawawaiensis), 0.50 lbs
per acre PLS of basin wildrye (Leymus cinereus), 0.50 lbs per acre PLS of squirreltail (Elymus
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elymoides), 0.50 lbs per acre PLS of Sandberg bluegrass (Poa secunda), 0.13 lbs per acre PLS of
Lewis flax (Linum lewisii) was planted using a rangeland drill matching the same species and
rate as used by the Bureau of Land Management when seeding similar burned areas after large
wildfires that same year. Vegetation characteristics were measured prior to treatment (2007) and
for three years post-treatment (2008, 2009, and 2010).
Results
Cover
Sandberg bluegrass cover did not differ between treatments prior to treatment and in the first 2
yrs. post-treatment (Fig. 1A; P > 0.05), while in the last year (2010) it was greater in the control
than in the burn-and-seed treatment (P = 0.04). Similar to Sandberg bluegrass, perennial grass
cover did not differ between treatments in 2007 (Fig. 1B P = 0.10), but in contrast to Sandberg

Figure 1. Mean (± SE) cover of plant functional groups in medusahead-invaded plant communities that were
drill seeded after an early summer wildfires (burn and seed) or non-treated (control) in southeast Oregon.
Control plots were not burned and not seeded. Perennial grass cover was the sum of introduced and native
perennial grass (excluding Sandberg bluegrass) cover values. Different lower case letters indicate differences
between treatments in individual years (P < 0.05). Note scale differs among figure panels.
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bluegrass, perennial grass was between 4.8- and 12.8-fold greater in the burn-and-seed treatment
compared to the control treatment in 2010 (P = 0.05).
Exotic annual grass cover differed between treatments only in the third year posttreatment, when it was less in the burn-and-seed treatment compared to the control treatment
(Fig. 2A; P < 0.01). Annual forb cover was greater in the control treatment than the burn-and
seed treatment prior to treatment (Fig. 2B; P < 0.01). After treatments were applied, annual forb
cover was up to 6.2-fold greater in the burn-and-seed treatment compared to the control
treatment (P < 0.05). Over all, total herbaceous vegetation (excluding exotic annual grasses)
cover did not differ between treatments prior to treatment (Fig. 2C; P = 0.30) or the first year
post-treatment (P = 0.14). However, in the second and third years post-treatment, total
herbaceous vegetation cover was 1.6- to 2.4-fold greater in the burn-and-seed treatment
compared to the control (P < 0.05).

Figure 2. Mean (± SE) cover of plant functional groups and bare ground in medusahead-invaded plant
communities that were drill seeded after an early summer wildfires (burn and seed) or non-treated (control) in
southeast Oregon. Control plots were not burned and not seeded. Total = total herbaceous vegetation excluding
exotic annual grasses. Different lower case letters indicate differences between treatments in individual years (P
< 0.05). Note scale differs among figure panels.
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Density
Sandberg bluegrass density remained unchanged until the third year post-treatment, when its
density was 1.8-fold greater in the untreated control compared to burn-and-seed treatment (Fig.
3A; P > 0.05). In contrast, for the three post-treatment years, perennial grass densities were up
4.6- to 10.0-fold in the burn-and-seed treatment compared to the control treatment (Fig. 3B; P <
0.01). Native perennial grass density was 3.3- to 6.2-fold greater in the burn-and-seed treatment

Figure 3. Mean (± SE) density of plant functional groups in medusahead-invaded plant communities that were
drill seeded after an early summer wildfires (burn and seed) or non-treated (control) in southeast Oregon.
Control plots were not burned and not seeded. Perennial grass density was the sum of introduced and native
perennial grass (excluding Sandberg bluegrass) densities. Different lower case letters indicate differences
between treatments in individual years (P < 0.05). Note scale differs among figure panels.
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compared to the control (Fig. 3C; P < 0.05). When pooled across all the years, exotic annual
grass density was greater in the untreated control compared to the burn-and-seed treatment (Fig.
3E; P < 0.01).
Discussion
There appears to be some potential to capitalize on early summer wildfires in medusaheadinvaded rangelands to achieve revegetation objectives. Fall seeding treatments applied after early
summer wildfires generally led to a reduction in cover and density of exotic annual grass, an
increase in most other plant functional groups, and an increase in bare ground as the medusahead
thatch layer was reduced compared to the untreated control. However, not all plant functional
groups, like perennial forbs, increased with the burn-and-seed treatment.
Though the increase in perennial grasses is encouraging, the perennial grass density and
especially the cover (~3%) were relatively low and may not be able to affect the long-term
character of the site. Without adequate increases in perennial grasses, the sites will be susceptible
to converted back to a near-monoculture of medusahead. However, introduced perennial grasses
may continue to increase in the burn-and-seed treatment, but longer-term evaluation will be
needed to determine if this outcome is realized.
Perennial forbs did not appear to be influenced by treatment. This may be the result of
only one perennial forb being included in the seed mix, as well as, the general lack of perennial
forb response to treatments in these ecosystems (Davies 2010). The increase in total herbaceous
vegetation was largely the response of perennial grasses and annual forbs, thus their responses
over time will probably determine the long-term response of total herbaceous vegetation.
Medusahead cover and density were reduced in the burn-and-seed treatment compared to
the control in the third year post-treatment, probably due to the wildfire occurrence prior to seed
maturity and overlap in resource use with the seeded perennial grasses. However, medusahead
density was still over 130 individuals per m2. Therefore, due to its highly competitive and
tenacious nature, medusahead may still pose a significant threat to the long-term success of this
revegetation effort.
Conclusions
Capitalizing on early summer wildfires may represent an opportunity to reduce treatment costs
associated with revegetating medusahead-invaded plant communities; however, additional
research is needed to evaluate the need for additional control treatments (such as a pre-emergent
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herbicide) to reduce competition from medusahead and increase the success of the seeded
species. However, seeding desired species after early season wildfires in medusahead-invaded
rangelands increased perennial grasses which is a noteworthy accomplishment.
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Summary
Many exotic annual grasses are believed to increase wildfire frequency to the detriment of native
vegetation by increasing fine fuels and thus, creating a grass-fire cycle. We found that plant
communities invaded by cheatgrass (Bromus tectorum L.) had higher fine fuel amounts, greater
fuel continuity, and dried out much earlier than did non-invaded plant communities. Thus,
cheatgrass invaded compared to non-invaded plant communities can burn more than a month
earlier than non-invaded plant communities and are at a much greater risk of frequent wildfires.
Introduction
Dominance by cheatgrass in the arid and semiarid regions of the Great Basin of North America is
speculated to increase wildfire frequency (Whisenant 1990). Cheatgrass invasion is expected to
increase the amount of horizontal continuity and ignitability of fuels, elevating the risk of
wildfires and facilitating their spread once ignited (Pierson et al. 2011). However, information on
fuel characteristics in cheatgrass-invaded communities is poorly documented and based mainly
on speculative and anecdotal evidence. The objective of this study was to compare fuel
characteristics between cheatgrass-invaded and non-invaded plant communities.
Methods
The study was conducted at the Northern Great Basin Experimental Range (NGBER) in
southeastern Oregon approximately 56 km west of Burns, Oregon. Fuel characteristics were
measured in five cheatgrass-invaded plant communities and five adjacent non-invaded plant
communities in 2010 and 2011.
Fuel moisture was determined approximately every 2 weeks from late June to late
August. Fine fuel biomass was determined by harvesting, drying, and weighing herbaceous
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vegetation from 15 randomly located 1
m² frames in each treatment. Two 20 m
transects spaced at 15 m intervals per
treatment were used to measure fuel
continuity by category of herbaceous
vegetation, gap (bare ground), and
shrub cover using the line-intercept
method.
Results
Invaded and non-invaded plant
communities differed in all measured
major fuel response variables. Fine fuel
biomass was 2 to 3 times greater in the
invaded compared with the non-invaded
plant community (P = 0.005).
Figure 1. Fine fuel water content (mean ± s.e.) in
annual grass-invaded and non-invaded plant
communities in south-eastern Oregon in 2010 and
2011. Water content calculated as a percent of dry
weight. Different lower case letters indicate a
significant difference (P < 0.05) between treatments
on that date.

Fuel moisture was greater in the noninvaded than the invaded communities on
most sampling dates (Fig. 1; P < 0.05). For
Figure 2. Cover (mean ± s.e.) in annual grass-

instance, in mid-July, fuel moisture content

invaded and non-invaded plant communities in

was between 6.8 and 26.7 times greater in

south-eastern Oregon in 2010 and 2011. Fine= fine

the non-invaded than in the invaded

fuels; Gap=fuel gaps; Total=fine fuels and shrub
cover combined. Asterisks (*) indicate significant (P
< 0.05) within-year difference between treatments.

communities.
In 2010 and 2011, fine fuel cover
was 2.4 and 2.2 times higher in the invaded
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than in the non-invaded communities
(Fig. 2; P < 0.005). Shrub cover averaged
0% in the invaded and 20% in the noninvaded. Total fuel cover was 1.5 times
higher in the invaded than in noninvaded communities. Fuel gap (lack of
fuel) cover was 7 to 10 times greater in
the non-invaded than in invaded
communities. In contrast, fine fuel cover
lengths were 9 to 17 times greater in the
invaded than in non-invaded
communities (Fig. 3; P = 0.010 and <
0.001). Fuel gap cover lengths ~2 times
higher in the non-invaded than in the
invaded communities in 2010 and 2011.
Discussion
Cheatgrass invaded plant communities

Figure 3. Patch density and length (mean ± s.e.) in annual

in our study had vastly different fuel

grass-invaded and non-invaded plant communities in

characteristics from non-invaded
communities; supporting previous

south-eastern Oregon in 2010 and 2011. Fine=fine fuels;
Gap=fuel gaps. Asterisks (*) indicate significant (P <
0.05) within-year difference between treatments.

assumptions that cheatgrass invaded
plant communities have greater fine fuel loads, lower fuel moisture content, and greater fuel
continuity than do non-invaded plant communities and therefore they have higher risk of fire.
This higher probability for fire ignition and spread is due, in part, to the elevated fine fuel
amounts and continuity. We found that more than 90% of the ground cover was fine fuels in the
invaded communities, compared with ~60% in the non-invaded communities. In addition,
increases in fine fuel amounts increase flame length, and fires spread faster as flame lengths and
fuel continuity increase, assuming other factors are held constant.
Our study showed that fuels in the invaded communities were dry enough to burn, 1 to
1.5 months earlier than fuels in non-invaded plant communities (Fig. 1). These elongated
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wildfire seasons associated with cheatgrass invasion may further promote more frequent fire
returns than historical fire regimes, further reducing remaining native perennial bunchgrasses.
Greater fine fuel accumulations in invaded communities may also increase the probability
of fire-induced mortality in native perennial bunchgrasses. At the same time, larger, more
contiguous fires stemming from greater fuel continuity in invaded communities could also
reduce the likelihood of a mosaic burn. This would likely result in a homogenization of plant
communities that could negatively impact higher trophic levels as habitat diversity becomes
increasingly limited.
Conclusions
Invasion by cheatgrass greatly alters the fuel characteristics of sagebrush plant communities.
These changes increase the risk of frequent, large-scale, fast spreading wildfires. The increased
potential for early season wildfires, and the accumulation of fine fuels with cheatgrass invasion,
increases the likelihood of native bunchgrass mortality during a fire, further promoting
cheatgrass dominance.
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Summary
Medusahead (Taeniatherum caput-medusae [L.] Nevski), an exotic annual grass, is rapidly
spreading and causing ecological damage across the western United States. We found
medusahead was more common, and its infestations larger, along roads compared to along
animal trails and random locations. This implies that vehicles may be one of the most important
vectors for medusahead spread and management of medusahead along roads should receive high
priority. Since medusahead invasion is not random across the landscape, control and monitoring
efforts should be prioritized based on potential vector pathways.
Introduction
Medusahead invasion decreased biodiversity and degrades ecosystem function in native plant
communities in the western United States (Davies 2011). While there is an urgent need to limit
the expansion of medusahead, resources are limited for monitoring and managing medusahead
because of the vast area threatened by invasion (Young 1992). Thus, there is a critical need to
identify where infestations are most likely to occur to direct monitoring and management.
Identifying where invasions are more common in rangelands could provide valuable
information on vectors contributing to the spread of medusahead. This information is critical for
developing effective prevention strategies and prioritizing where monitoring for new infestations
should be conducted.
It has been speculated that roads and animal trails are at greater risk of medusahead
invasion due to medusahead seed’s long, sharp, barbed awns that allow them to adhere to and be
spread by animals and vehicles. However, information on the abundance of medusahead
52

infestations relative to dirt roads, trails, and random locations is lacking. The objectives of this
study were to determine where medusahead infestations are most common and detail
medusahead invasion characteristics to provide critical
information to guide managers in detecting and
controlling new infestations.
Methods
The study was conducted across a +1,000,000 acre
area in southeastern Oregon, in Harney County and
the western half of Malheur County. Six 2 × 2 km
sites were included in the study. At each site, 3
locations: (1) dirt road, (2) animal trail, and (3)
random transect, were sampled using a 500 m transect.
Roads were unimproved, two-track dirt roads. Animal
trails were paths ≥15 cm wide that showed signs of
domestic cattle and wildlife use (tracks or feces). Each
site was sampled in July of either 2010 or 2011.
Medusahead presence or absence was recorded for
every meter in a 10 × 100 cm quadrat along each 500m transect to determine frequency. Medusahead cover,
patch size, and patch density was measured using the
line-intercept method along the 500 m transect.
Patches were considered individual patches if they
were separated by >100 cm.
Results
Medusahead frequency (the number of meters per
transect that contained medusahead) was higher along
roads than along trails (Fig. 1A; P = 0.003) and
random transects (P < 0.001). Medusahead frequency

Fig. 1. Medusahead (A) frequency, (B) cover, (C) patch
density, and (D) patch size along roads, animal trails, and
random transects in sagebrush steppe plant communities in

was 3 times greater along roads than along random

southeastern Oregon. Reported values are means with standard

transects. Medusahead frequency was higher along

error bars. Different lowercase letters indicate significant

trails compared to random transects (P = 0.083).

differences (P ≤ 0.10) between sampling locations.
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Medusahead cover was 2 times greater along roads compared to trails (P = 0.012) and random
transects (P = 0.007). The average medusahead patch size along roads was 1.8 and 2.4 times
greater than patches along trails and random transects, respectively (P = 0.015 and P < 0.001).
Patches along trails were 1.4 times larger than patches along random transects (P = 0.079).
Discussion
In our study, medusahead was more common and occupied a larger part of plant communities
along roads than along trails and random transects. Medusahead was also more common along
trails than along random transects. However, the differences were not as evident between the last
two locations.
Our results suggest that roads are an important pathway for the spread of medusahead.
The combination of seed morphological features (long, barbed awns) and the adherence of seeds
embedded in moist clayey soils (often found in invaded areas) increase the potential for longdistance transport of medusahead seeds by vehicles.
Animals may also be an important vector for the transport of medusahead seeds, as the
long, barbed awns of medusahead seeds probably adhere to animals’ coats when they travel
through infestations. The differences in medusahead invasion characteristics between trails and
roads suggest, however, that vehicles contribute more than animals to the spread of medusahead
in our study area.
It is also important to note that vehicles and animals are not restricted to roads and trails,
and thus, they both may contribute to medusahead spread at random locations. Our data
demonstrates that areas of concentrated vector movement (i.e., roads and trails) have increased
medusahead presence and cover.
Conclusions
Medusahead invasion is not random across the landscape; it is more common along vector
pathways, and therefore, management should focus on reducing its spread along these pathways.
Our results suggest that vehicles may be one of the most important vectors for medusahead
spread. Thus, reducing the contact between medusahead seeds and vehicles may be a successful
and inexpensive mechanism to limit medusahead spread. Overall, our research suggests that
management of medusahead spread can be improved by prioritizing monitoring and control
efforts along vector pathways (roads and to a lesser extent trails).
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